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L Introduction

Carbonization is the thermal conversion of organic materials to carbon
and graphite. The overall transformation involves a complex series of chemical J
reactions and diffusion processes in both the liquid and solid state. The reaction :
sequence consists of the elimination of substituent atoms and groups from the
organic molecule, aromatization, and subsequent polymerization to a large
aromatic carbon framework.

Any organic material can be converted to carbon. Commercially, syn-
thetic carbon and graphite are prepared from aromatic starting materials such
as coal tar pitch and heavy petroleum residues. These raw materials consist
largely of mixtures of compounds containing aromatic hydrocarbon and hetero-
cyclic structures. We have found that the carbonization behavior of complex raw
materials can be'understood on the basis of the thermal reactions of relatively
few, representative aromatic hydrocarbons. This paper reviews previous work
and also presents results of our recent studies of the carbonization of several
pure aromatic hydrocarbons. >

II. Chemical Constitution of Pitch

The carbonization of an organic material proceeds through an initial
aromatic stage. Coal tar pitch is an example of such an aromatic stage formed . i
during the pyrolysis of coal. There ha\ig b)een numerous compilations of the
chemical constituents of coal tar pitch. **’ These compilations include several
hundred aromatic hydrocarbon and heterocyclic compounds. Table I lists the
major aromatic hydrocarbon components that have been quantitatively determined
in a typical coal tar pitch. The 13 structures shown constitute 13. 6 percent of
the entire pitch. The remainder of the material is composed of small amounts
of hundreds of other aromatic compounds. :

III. Thermal Reactivity and Aromatic Structure

The aromatic hydrocarbon components of pitch vary widely in thermal
reactivity. This thermal reactivity is directly related to molecular structure.
Table II compares the effect of chemical structure on the thermal reactivity of
a number of hydrocarbons. The thermal reactivity is indicated by the lowest
temperature at which an initial reaction is observed. Also listed are the
corresponding ionization potentials derived ffsm the optical absorption fre-
quencies of the longest wavelength p-bands. **' It is apparent that thermal
reactivity increases with decreasing ionization potential. The presence of
substituent groups on the aromatic ring can significantly alter these thermal
reactivities either by provid)ing a reaction site, or by altering the relative bond
strengths in the molecule. *# :
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Table 1

Some Aromatic Hydrocarbon Components of Coal Tar Pitch
and their Occurrence in Weight Percent

©

Acenaphthene

Fluoranthene

—
(8]

Benz-{a)-anthracene

124
~

Coronene

O OB oo

Fluorene Anthracene + Phenanthrene
0.1 1.2
Pyrene Methylphenanthrene Chrysene
1.3 0.3 _ 2.7
Benzo-(a)-pyrene 3,4, 9, 10-Dibenzopyrene
3.6 : 1.5

~ Picene
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Table I

Relation of Thermal Reactivity to Aromatic §tructure

Aromatic Hydrocarbaon

—

) Ionizatien
Potential (V)

Reaction Temp. °C

637

560 -

535

480

7.24

7.07 -
6.86
6.64

6.23 .
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1V. Effects of Chemical Structure on the Nature of the Final Graphite

The heat treatment of organic materials to 3, 000°C results in carbons .
possessing basically the graphite structure. The degree of graphitization and the
properties of synthetic carbons obtained at 3, 000°C are determined largely by
the structure of the starting material. This effect is illustrated by the data in
Tables III and IV which give the X-ray semilattice spacings for 3, 000°C carbons
prepared from a variety of aromatic hydrocarbons. .

Table 1II includes well-graphitizing compounds which possess c-spacings
between 3. 354 and 3. 363A. Natural graphite has a c-spacing of 3. 354A. Table IV
lists some poorly graphitizing materials. The high c-spacings, 3.370 to 3. 44,
obtained for these materials indicate a much more disordered carbon structure.
It is not generally obvious from the initial chemical structures in Tables III and
IV how well a given aromatic hydrocarbon will graphitize. For example, the
5-membered ring aromatic hydrocarbon acenaphthylene yields a well-ordered
graphite, while the highly symmetrical molecule coronene gives rise to a poorly
ordered graphite. However, sterically overcrowded an(j)nonplanar molecules
generally lead to more disordered graphite structures. '

V. Carbonization of Acenaphthylene and Terphenyl

The chemical transformations which occur during carbonization can be
aptly demonstrated by the coking behavior of two representative aromatic hydro-
carbons, acenaphthylene (I) and p-terphenyl (II). Acenaphthylene produces an
extremely well-graphitizing carbon, while p-terphenyl yields a disordered,
nongraphitizing carbon.

o0 0—0—0

Acenaphthylene p-Terphenyl
9 (1)

As with all organic materials, the carbonization of these hydrocarbons
involves the removal of substituent hydrogen and the polymerization of the aro-
matic carbon residue. Three methods which we have found particularly useful
for following these processes are: elementary analysis, X-ray, and diamagnetic
susceptibility.

Figure 1 shows a plot of hydrogen content for acenaphthylene and
p-terphenyl cokes versus heat-treatment temperature. The terphenyl does not
react at all below-500°C. Between 500°C and 700°C the decrease in hydrogen
content is more rapid for the terphenyl, while above 700° C the acenaphthylene
dehydrogenation proceeds faster. -

Figure 2 presents some X-ray data obtained by Ruland(‘” 7) for the same
series of samples. The growth of average aromatic layer size, L_, is plotted
versus temperature. The terphenyl shows an extremely rapid growth of L, to
800°C, followed by a much slower growth rate at higher temperatures. For
acenaphthylene, the polymerization of aromatic laye(s)is much more gradual
below 700°C but eventually surpasses the terphenyl. 7
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Table IV

Effects of Aromatic Structure on the
c-Spacings of 3,000°C Carbons

Structure 002, A Structure 002, A
100 O
@‘@ 3. 370 C|Hz 3. 41
Q0
©00
CH, |
3. 371 | @ @ . 3. 44
3.373
3.44

3. 385
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(Figure 3 contains a plot of magnetic susceptibility data obtained by
Wagoner '8’ for these two compounds heat treated to 3, 000°C. The terphenyl
shows a slight decrease in X between 500° and 700°C, and then an increase with
temperature to a maximum at 3, 000°C. The acenaphthylene shows a more pro-
nounced dip in X between 500° and 800°C than observed for terphenyl. This
decrease in susceptibility is presumably due to a paramagnetic contribution from
free radicals. The acenaphthylene exhibits a lower diamagnetic susceptibility
than terphenyl up to about 1, 600°C, while above this temperature the aromatic
layer growth is much more rapid for acenaphthylene.

All these data indicate that the aromatic polymerization process is much
more rapid at low temperature for the more disordered terphenyl system. How-
ever, the initially-formed polymers from terphenyl are structurally not as
suitable for continued aromatic growth to graphite as the rmuch smaller polymers
initially produced from acenaphthylene.

The dehydrogenation-polymerization process which leads to the forma-
tion of carbon is still poorly understood. This point is illustrated by the data
plotted in Figure 4. From elementary analysis and X-ray data, the number of
carbon and hydrogen atoms per fused aromatic molecule have been estimated.and
plotted as a function of temperature for both acenaphthylene and terphenyl cokes.
Also included in Figure 4 is a theoretical plot of carbon versus hydrogen content
for the most highly condensed aromatic hydrocarbon molecule. Up to about '
600°C the acenaphthylene and terphenyl curves fall close to the theoretical line.
The reactions occurring in this region appear to involve the removal of a hydro-
gen atom from the aromatic ring to form a simple free radical. At 700°C and
above, multiple hydrogen atoms are eliminated leaving aromatic molecules with
many unsubstituted edge sites. This process appears to proceed more readily
for acenaphthylene than for terphenyl.

The nature of the bonding of the free electrons in these molecuvles is not
clear. The interpretation of electron spin resonance measurements of materials
in this regictn) is complicated by the onset of electrical conductivity and magnetic’
anisotropy. '? '

V1. Chemical Reactions of Carbonization

We can delineate the kinds of chemical reactions which occur during the
early stages of coking by studying the carbonization of several aromatic hydro-
carbons. Their initial reactions lead to the intermediates which control the
subsequent course of carbonization. There are three types of thermal reaction
processes which are important, (1) dehydrogenation, (2) rearrangement, and
(3) polymerization. These reactions do not proceed in distinct steps, but occur
continuously throughout the coking process. Several examples of these reactions
follow. '

A, Dehydrogenation

The initial reaction in carbonization involves the loss of a hydrogen atom
from an aromatic hydrocarbon and leads to the formation of an aromatic free
radical intermediate. If the free radical intermediate is stable, it can then be
detected by electron spin resonance. In the liquid state, usually all but the most
stable free radicals will rearrange or polymerize. The phenalenyl radical (III)
is an example of an extremely stable free radical produced by simple hydrogen
dissociation reaction at room temperature.
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It can be well characterized by its simple ESR spectrum.

The hydrocarbons fluoranthene and naphthalene polymerize directly with
the direct loss of hydrogen. The unstable free radicals (IV) and (V) can be pos-
tulated as intermediates in these reactions.

(11)
“ ”+Hz
(2)

In many instances the dehydrogenation of aromatic hydrocarbons appears
to involve bimolecular hydrogen transfer reactions. Hydrogenated aromat%c)
hydrocarbons are often identified in the volatile products of carbonization. ‘¢
These reactions usually occur at the most reactive site on the aromatic molecule.

A typical hydrogen transfer sequence is illustrated for the hydrocarbon naphthacene:

0000 25 0000 - [00C0

000 - [OOrD | — - OO D

Dihyd ronaph,thacene
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The volatile 5,12-dihydronaphthacene is a major reaction product during the
initial stages of reaction. It is not clear whether the intense but unresolved ESR
signal obiexsved during the onset of pyrolysis of naphthacene is due to the rad-
ical (VI). ‘12 . ’

It should be pointed out that if there is a carbon-carbon single bond
available, thermal cleavage will occur at this site. The thermally produced free
radical can then participate in hydrogen transfer reactions. This reaction is ’
illustrated in the pyrolysis of 9,9'-bifluorene (VII). ' :

)
fluorene A% Y-bifluorene

At about 260°C (VII) dissociater tf: produce the fluorenyl radical (VIII).
This species has been detected by ESR. '’ At higher temperatures a hydrogen
transfer reaction leads to fluorene and A% ?-bifluorene as the major products.
The reactive phenyl radicals produced from the pyrolysis of terphenyl also

undergo hydrogen transfer processes, since benzene and biphenyl are-among the

reaction products.

B. Rearrangement Reactions

‘ Perhaps the most complicating features of the early stages of carboni-
zation are the thermal rearrangements reactions. They often make it impossible
to predict from the starting structure whether a given compound will produce a
well-graphitizing or a disordered carbon. Thermal rearrangement usually leads
to a more stabilized aromatic ring system which can then become the building
block for graphite growth., Several examples of the thermal rearrangement of
aromatic hydrocarbons follows.

U
1. Conversion of A” 9-bifluorene to tetrabenzonaphthalene:

© O @)
=~_‘.‘ﬂ’°_§'
6 o
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2. Conversion of biacenaphthylidene to zethrene.

U
3. Formation of rubicene from A% ?-bifluorene.

In some instances thermal rearrangement can involve a carbon-carbon
bond cleavage within a condensed aromatic ring. These reactions are higher
energy processes and are usually observed at very high temperatures, as in vapor

phase pyrolysis.
a >500°C ’ (13)
LG
@ 950°C a4)
000 = &b of..

C. Polymerization of Aromatic Radicals

The formation of carbon involves the polymeérization of aromatic free
radicals. These polymerizations usually initiate in the liquid phase and lead to
solid a.roina,nc polymers. This step is an important stage in the graphitization
process. :

Unlike conventional polymerization reactions which rapidly incre?s)e the
molecular size, the aromatic polymerization appears to proceed in steps. '’ The
following examples show the formation of dimers and trimers during the first
stages of polymerization'of aromatic radicals.

e SR © S SELT]
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(IX)

The most important criterion for obtaining a well-ordered graphite is to
have the r(ig t ""building blocks'' from the standpoint of reactivity and steric con-
figuration!!® A molecule such as zethrene meets these requirements since it can
polymerize at its most reactive positions and give rise to a condensed aromatic
polymer without vacancies (see X). Nonplanar radical intermediates, such as
those produced from A?’ 7-bifluorene or p-terphenyl, lead to disordered aromatic

polymers which never truly graphitize.

(X)
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VII. Conclusions ) i

The formation of synthetic carbon and graphite involves the thermal
dehydrogenation and polymerization of aromatic hydrocarbons. The thermal
reactivity and the course of carbonization are controlled by the structure of the
starting aromatic molecule. More rapid reaction during the early stages of
carbonization usually leads to a more disordered graphite structure.

Chemical studies on the pyrolysis of representative individual aromatic
hydrocarbons show the importance of 3 types of thermal chemical reactions:
(1) dehydrogenation, (2) rearrangement, and (3) polymerization. The nature of
the final graphite and the course of carbonization appear to be related to the
structure and reactivity of the aromatic free radical intermediates, which are
the building blocks for subsequent carbonization and graphitization,
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STRUCTURAL CHANGES ACCOMPANYING
COKE CALCINATION

M. P. Whittaker, F. C. Miller and H. C. Fritz

Great Lakes Research Corporation
INTRODUCTION

Although a voluminous number of articles have been published
on the structural changes occurring in carbons upon heat treatment
over a wide 1200°C-2800°C temperature range, similar information
for the narrow 500°C-1200°C calcination range is rather sparse. A .
few articlesl-4 have been written in which properties such as den-
sity, electrical resistivity and pore structure have been correlated .
with temperature of calcination and time at maximum temperature. It
is, however, difficult to relate the various experimental results
and conclusions reported. In this study the progression of struc- -
tural changes. occurring during the calcination of four raw coke
samples from different sources was followed using high temperature
microscopy techniques. Concurrent with the examination of the
topographical features, the transformation of the microstructure
of thg carbons was studied by means of x-ray diffraction and mercury
porosimetry.

EXPERIMENTAL

The high temperature microscopic examinations were performed .
using a Leitz Ortholux microscope equipped with a Leitz. vacuum heat-
ing stage. Thin polished sections (¥0.03" thick) of the cokes were
placed on a hollow graphite cylinder encompassing a Pt + .10% Rh vs.

Pt thermocouple which had been calibrated against the melting points
of several pure compounds. The sample and sample holder were then
radiantly heated at a rate of ca. 30°C/minuté in an inert atmosphere.
A holding time of 5-10 minutes was allowed at .each temperature to '
establish thermal equilibrium. Two representative areas were selected
from each sample and photographed at a magnification of 35X with
parallel and crossed nicols in the raw state, 300°C and at increments
of 100°C to 1000°C. The dimensional and structural changes were
obtained from 100X photographic enlargements.

‘ In a complementary microscopic study relatively large lumps of
the raw cokes were polished, and suitable areas were selected and
photograghed at 10X. These samples were then successively heated
from 500°C to 1200°C in 100°C increments at a rate of 5°C/minute.

A 15,000 psi Aminco mercury porosimeter was used to obtain micro-
pore volume distribution in representative samples of each coke as a
function of heat treatment. The samples were crushed to 10/20 mesh
particle size and duplicate measurements made on 0.5 g. samples.

X-ray diffraction studies were carried out employing a recording
diffractometer using monochromatic Cu K« radiation. Crystallite size
values were obtained using the Scherrer formula with KC1l as an inter-

nal standard.
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RESULTS

A total of four cokes was studied in this investigation. As
indicated by the characteristics of the four cokes listed in Table
I, these samples are representative of an anisotropic coke (sample
A§B) and an isotropic coke (sample C§&D). The ash and sulfur contents
and real densities of the raw cokes represent the range of values
generally encountered with commercial cokes.

The type of changes in topographical features which the cokes
underwent during calcination as revealed under the hot stage micro-
scope are illustrated in Figure 1. The structure of the raw coke
could be determined only with the aid of polarized light. Heating
to 700°C produced very little change in the appearance of the
polished surface of the samples except, perhaps, a slight increase
in the width of existing cracks. Suddenly at 800°C, the detailed
structure of the coke could be observed under parallel nicols.
Further increase in temperature resulted in progressive opening
of existing cracks, apparent creation of a few small cracks, and
an obvious overall shrinkage. However, the basic macrostructure
of the calcined coke was essentially the same as observed in the
raw coke under polarized light. The two isotropic cokes had areas
of pitch and mesophase which melted upon heating above 500°C
producing voids lined with highly anisotropic carbon.

The magnitude of the dimensional changes observed as a function
of temperature are illustrated in Figure 2 representing results typ-
ical of an anisotropic coke and in Figure 3 for a coke with an
isotropic structure. The curves were plotted from data obtained
with the hot stage (micro) and from ambient temperature measure-
ments on the coke lump samples (macro). Considering the high
temperature microscopy experiments, it should be noted that the

dimensional changes recorded include the reversible thermal expansion.

of the carbon as well as shrinkage. The 1.0% to 2.5% linear
expansion observed in all of the coke samples upon heating to 500°C
is a manifestation of the reversible expansion. Contraction of the
coke begins after 500°C with the maximum rate of dimensional change
occurring between 700°C and 800°C. It is also significant to note
in this same temperature range the marked shrinkage in the direction
perpendicular to the needle structure as compared to that occurring
parallel to the needle structure for the anisotropic cokes.

The information derived from the larger samples at room tempera-
ture correlates well with the high temperature measurements. The
two sets of curves are similar in shape and the cross-over point
of the shrinkage perpendicular and parallel to the flow structure
occurs, within experimental error, at the same temperature. The
weight losses calculated from these experiments suggest, as one

would expect, a general direct relationship with the volatile content.

Of more interest is the change in slope observed in the curves repre-
senting weight loss as a function of temperature which occurs in the.
700°C to 800°C temperature range. This information for the two
anisotropic and two isotropic cokes is given in Figure 4.

Mercury porosimetry measurements of 10/20M fractions were used
te determinc the accessible pore voiume at each of the heat treatment
temperatures. Pore volumes were determined in two pore size ranges,
V, for pore diameters between 65 and 12u and Vi for diameters between
1 and 0.015u. Although a gradual increase in"V; with increasing

- el
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temperature was noted for all of the. cokes, the results were usually
erratic and appeared to reflect gross, non:uniform structural changes.
The V] porosity behavior, as illustrated in Figure 5, is generally

the same for both types of cokes. There is an overall increase in
accessible porosity with increasing temperature. This increase in
porosity is considered to be due to the formation of shrinkage cracks
resulting primarily from loss of volatiles during calcination. As
shown .in Figure 5, three of the four cokes exhibited a relatively
abrupt increase in porosity beginning at about 900°C, which would
appear to be indicative of a significant structural change.

Changes in. apparent density measured by mercury displacement
were also determined concurrent with the porosity measurements.
Figure 6 displays the trends in density change vs. temperature for
the two types of coke studied. The A, D.'s of the cokes were observed
to remain constant until 700°C-800°C at which point a sudden increase
in density occurred. These results correlate well with the hot stage
microscopy measurements where a significant linear shrinkage of the
samples was observed to occur in this temperature range.

The (002) x-ray diffraction peak intensities were measured on
the four cokes and plotted as a function of temperature. The peak
intensity measurements reflect the progressive ordering of the gra-
phitic planes during calcination. Figure 7 illustrates the extreme
cases of the anisotropic cokes compared with the isotropic cokes.

In all cases the peak intensity appears to increase at a logarithmic
rate with temperature; however the anisotropic cokes maintain peak
intensities of a higher magnitude throughout the calcination range
than the isotropic cokes.

The d-spacing, which is classically a measure of the graphitic
nature of carbon, was obtained for all samples as a function of tem-
perature. As might be expected, d-spacings were found to decrease
with increasing temperature. This is illustrated in Figure 8, where
it is of interest to note that while the isotropic cokes have large
d-spacings at the outset, the d-spacings of the anisotropic and
isotropic cokes are essentially equivalent by 1100°C. The low initial
d-spacings of the isotropic cokes are believed to be due to the
amorphous material contributing mainly to the background of the
diffraction curve. Only the highly graphitic portions of the sample
are detectable, which result-in low d-spacing values not truly
representative of the entire sample. On the other hand, less amorphous
material is present in the anisotropic cokes, and a broader spectrum
of crystallite perfection is detectable. - Therefore, the total value
of the d- spac1ngs appears large. Other experiments conducted beyond
the 1200°C range have shown that the d-spacings of isotropic cokes
maintain higher values than the anisotropic cokes, which is in
agreement with the cross-over point at 1100°C in Figure 8.

The change in crystallite size along the c crystallographic axis
as a function of temperature was very similar for all cokes. This
relationship, presented in Figure 9 for the four cokes, is charac-
terized by a significant decrease in size between 500°C and 900°C;
after which a steady increase is observed up to 1200°C. Since the
Lc values represent an average of all detectable crystallites for a
given sample, it is believed that the initial decrease in Lc is due
to the appearance of a large number of extremely small crystallites
which have grown to a detectable size. This pronounced decrease in
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Lc values at 600°C-700°C corresponds with the onset of the rapid
shrinkage of the coke samples. It seems reasonable, therefore, to
presume that the coke structure shrinkage is in part a result of
its conversion to a more compact crystalline structure.

CONCLUSIONS

With only minor exceptions, the general overall structure of
the calcined coke is predetermined in the raw state. With respect
to microstructure, the dominant recurring theme running through our
experimental data is the sudden changes which occur in the 600°C to
900°C temperature range. The sharp observed increase in dimensional
shrinkage results from the loss of volatile constituents as well as
ordering and growth of the polycrystalline structure. The increased
microporosity represents the creation of shrinkage cracks as well as
pores formed due to the escape of volatile components.

.
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FIGURE 1

STRUCTURAL CHANGES ACCOMPANYING
COKE CALCINATION
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VLTTALILITY OF PETROLEU!! COKES EY PITCH h

».L. bell, R.W. Peterson

Alcoa Research Laboratories
New hensington, Pa. 1506%

In 1565 well over a million tons of petroleum coke were useu in
the United States in ranufacturing carbon and graphite. For carbon
anoces in alurinum smeltino, delayed petroleum coke mixed with coke-
oven pitch ané subsequently haked has been used almost exclusively.
wnile many investigations have been made on the properties requireu in
bincer pitches for carlon electredes (1), there are no data on the
characteristics of cokes otner than impurity content and real density
that relate to anoae prorerties.

lnicrostructures of a variety of cckes and carbons were reported
by tlartin anu Shea (2). In a petroleum coke, KuSakin et al, 1965 (3),
observeu two different types of particles: ‘"spherulitic" particles,
whiicn are isotronic and relatively non-crarhitizing, and a "streak"
tyre, wihich is softer ana grapnhitizing. Abramski anu Mackowsky have
developed metaous - for measuring in the microscope characteristic
praraneters for coke pores anu walls (4). Other coke properties such
as microporosity, macroporosity, and surface area have been measured.
Rhedey (5) obtaineud a correlation between aggregate porosity and
tinder requirement cf Socderberqg paste for constant flowability. How-

cver, in none of the work is a correlation shown with baked anode
properties,

A measurement related to porosity but more useful in assessing
the effect of widely aifferent calcineu cokes on Scderberg anodes is
the "wettability" bv pitch. For the investigation reported here, an
empirical preccewure for measuring wettaulllty was adapted from the
elongaticn test used by Lowitz et al (6).

Procecure

In tne modified elonagation test, a mixture of 100 g -140 +200
rmesh (Tyler) calcinecd ccke anua 120 g standard pitcih (softening point
110°C, cube-in-air) was stirred in a small can at 160°C for 20 minutes
with a spatula. Cylindrical specimens 45-50 mm long and 9 mm diameter
were molded and cocled¢, The specimens were placed on the inclined
boar< in an over. at 160°C for one hour. After cooling, the change in
length (eloncaticn) of the specimen was measured and tne percent
elongation calculatec. The less an aggregate was wet by the stanaard
pitch used in these tests, the qgreater was the elongation. The in-
creased¢ elongation was caused by the greater amount of pitch available

in the space between coke particles because of decreased absorption
irto the pores.

Real densities were cetermined using a pycnometer with kerosene
as tihe confining fluid (Alcoa Analytical Procecdure 424). Microporosity
was calculated as 100 times the ulfference Letween real density and the
density with mercury as the conflnlno fluic¢ diviced by the real density.
Samples were nounted for microscopic observation by impregnating
at 29 in. lig vacuun with Maraglas Type A resir. anc araqlas hardener
555- (7). After standing overnight, samples were cured at 70°C for 16
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nours. They were cround successively on 320, 2/0 and 4/0 grit papers
on a alass plate, nolished on'a.wheel with letaui 6 mu (Buhler, Ltd.),
with alprha alumina, and finally witih gamma alumina.

_For preparing baked anoues, an aggregate particle size distribu-
tion was usea having tiie greatest éry bulk density as determined in a
series of settling experiments on a vibrating table. Cokes G anc W
were used as 46.5 percent’of the total aggregate in the coarse fraction
without crushing. Thne sizing of coke P was then adjusted for maximum
dry bulk density of the Llend. Similarly, coke A was used in the fines,
as received, and the sizina of coke P was adjusted for maximum dry bulk
density. Anoues were made with about 27 percent pitch (softening point
105°C cube-in-air). The amount of pitch was adjusted so that all mixes-
had the same elongation as determined on a specimen 2-1/2 in. long x
1l in. diameter moldec from the green paste. Anodes 3 in. diameter X
4 in. tall were baked to 1000°C under 3.7 psi pressure. Baked apparent
density (EAD) ana electrical resistivity were determined on the baked
samrles.

Results

The elongaticn test procecdure cf Bowitz et al (6) specified 80
percent coke pa551ng throuch a 200 mesh sieve. Lack of a lower limit
permitted a wicde range in particle size and surface area of the sample.
In addition, the fine grindirg could cestroy rmuch of the pore volume.
Preliminary tests cderonstrated greater reproaucibility when using five
fractions between 100 and¢ 325 mesh (Tyler). The sizing finally chosen,
~-140 +200 mesh, cave even better reproducitility. To increase ability
of the test to discririnate among cokes, the pitch content was in-
creased to 54.5 percent. Typical results are shewn in Table 1 for two
successive mixes of coke P, with 18 ‘'specimens molded from each mix and.
tested in the oven, six at a time.

Table 1

Reproducibility of Elongation Test for Coke P

Elongation, %
. Mix 1 Hix 2 |
Test 1 2 3 I 2 3

60.0 56.0 63.8 64.2 61.5 56.7
58.1 57.6 63.2 64.0 64.3 59.3
56.9 55.4 63.2 66.1 61.8 60.1
53.4 54.0 60.1 61.9 59.5 - 62.2

53.8 61.2 - 68.3 64.5 58.7
6l1.2 58.7 - 63.7 65.8 64.7
Average " 57.2 57.2 62.6 64.7 62.9 60.3
std. deviation - 3.99 2.58 1.66 2.21 2.35 2.34

Average for Mix 1  58.5%
Average for Mix 2 62.6%

For the particle size chosen, -140 +200 mesh, the accessible
por051ty appeared completely filled with pitch because increasing mix-
ing temperature to 200°C ‘and 230°C dia not change the amount of
elongation. However, the -degree to which pores in larger particles
were penetrated by pitch was affected by mixing temperature. For ex-
ample, with a typical anode aggregate (-4 mesh +pan) molded 1nto 1- ln.
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cianeter 2-in. ionc cylinders there was a marked decrease in elongation
with increased riixing temperature (Figure 1), At the lower mixing
temperature, viscosity of the pitch prevented substantial penetration
into the rercte peores of the larger. particles.

Tnree calcined delayed cokes had elongations from 61 to 227 per-
cent (Table 2), and the calcine« fluid coke had an elongation of 355
percent. Anoce proverties, as measured by baked density and resistiv-
ity, varied with eloncation and seemed to optimize at the intermeciate
values of 186 and 227 percent. Anode prorerties Jid not correlate with--
real cdensity or tne microporosity measurement of the calcinec¢ cokes.

Table 2

Properties of Calcinec Cokes and Laboratory Anodes
Made from lMixtures with Coke P in the Aggregate

Coke | o G W ) F
Process Delavea Delayed belayed Fluid
Real Density 2.02 1.96 2.03 1.98
licrcporosity 10.9 3.2 13.3 3.5.
Llongation, $ 61 136 227 355

Anode Properties
Amount’ of Coke

P in Aggregate 100 53,5 53.5 57.5
Daked app.

density : 1.39 1.44 1.43 1.41
o, ohm-in, .0023 .0025 .0025 .0032

lMicroscopic examination showed that green delayed petroleum coke
(Figure 2) had the incipient pore structure of calcined coke (Fiqure 3).
In green coke the pores were filled, probably with a hardened residuum
from the coker feed, which distilled off during calcination and ex-
posed the pores and typical lamellar structure of calcined coke.

Although cokes P, G, and W were made by the delayed coking process,
each had a distinctive microstructure. Coke P (Figure 3) had the
larellar and pore structure typical of many delayed cokes. Coke W
(Figure 4) had in addition a characteristic mottlea structure. Coke G
(Figure 5) consisted of fused spherules, each having an onion-like
structure. CTCach spherule had a microporous surface coating.

The fluic Coke F (Fiqgure 6) consisted of spherical particles, each
in turn frequently being made up of clusters of small spherules of
isotropic coke. Some of the larger particles had the onion-like
structure,

-Discussion

The wide range of microstructures incicates the Gifficulty in’
trying to find a single characterization factor for cokes in carbon
anoues. Yhe wettability test, however, larqgely overcomes this ob-
jection since it is a cirect mcasure of how the pore structure affects
the relationship between coke and binder. For cexarnple, the fluid coke

)
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F, with its limited amount of surface accessible pores had poor wett-
ability as judged by eloncation. Because of the poor bond between
coke and binder, fluid coke produced anodes with high resistivity.
This poor bond in anodes was clearly discernible in the microscope
(Figure 7). Attempts were made -to-alter the surface of Coke F to im-
prove the bond with binder pitch. Neither crushing to expose fresh
surface nor chemical etching with oxygen was successful (Table 3).

- Table 3

Effect of Treatment of Coke F on Properties of
Anodes Containing 20% of Coke F

Baked Resistivity

Treatment . App. Density ohm-in.
Untreated 1.41 . - .0029
Crushed to -100 mesh 1.40 .0030

Oxidized at 1050° to 1.38 . ,0031
6% wt loss .

This was consistent with the explanation that pores in the aggregate
accessible to the binder are necessary to produce a good bond. After
coking of the binder, the binder coke and aggregate coke are kept from
separating by the mechanical action of binder coke formed within the
pore system -of the aggregate. Coke G formed an excellent bond with
the binder coke (Figure 8), probably because the binder was able to
penetrate the porous layer chdracteristically on the surface of this
coke (Figure 4).

Because coke P had a high wettability by binder, the green mix
required a high pitch content, and this may have been a factor in the -
high resistivity. The large pores and laminations in Coke P may also
have contributed to the high resistivity by presenting a tortuous path
for current flow. .

The cause of differences in microstructure of the delayed cokes is
not known. Since all were made by the same process, operating
variables such as recycle ratio could be a factor. The presence of
nuclei seems to favor isotropic coke. For example, needle coke, a non-.
isotropic coke is made by a 2-step process in which the muclei present
in the feed stock are first removed and the needle coke is prepared
from the clarified feed (8). Even more important for Coke G may be the
chemical nature of the feed to the delayed coker. It has been re-
ported (9,10) that heterocyclic structures tend to produce isotropic
cokes and the feed for Coke G had a relatively high nitrogen content.

For carbon manufacture the wettability test can be used to predict
behavior in anodes of cokes having a wide variety of microstructures.
Low wettability indicates a poor bond may be expected between baked
binder and coke, and this will cause high electrical resistivity. On
the other extreme, high wettability may indicate an extremely porous
coke whose interior pores unfilled with binder can cause high electrical

.resistivity.
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PETROLEUM COKE HANDLING PROBLEMS
H. W. Nelson

GREAT LAKES CARBON CORPORATION
carbon Division
New York, N. Y.

INTRODUCTION

Calcined petroleum coke is an industrial carbon which is used
as a raw material in the Aluminum Industry and the Graphite Industry.
From the time it is first formed as a by-product of petroleum refining
until it is finally processed into elemental carbon it is handled many
times, Extreme care must be exercised at each point of handling in
order to preserve the desired physical structure and maintain the re-
quired degree of purity. This paper reviews the steps used in the
carbon industry to achieve these objectives.

Quality Considerations

Calcined petroleﬁm coke is a commodity which must be delivered
to the ultimate consumer in a size range which will permit an adequate
proportion of coarse particles. This is necessary <4n order to meet
the formulation requirements in a carbon paste mix. It must also be
free from contamination.

Formation of Petroleum Coke

Raw petroleum coke is a by-product from refining of petroleum.
residuals. One of the procedures by which this is accomplished is
known as the delayed coking process. This gives a coke with a sponge-
like structure. Other methods such as the fluid coking process are )
also used but the product from this operation does not have the struct--
ural properties required for use in the Aluminum Industry or Graphite
Electrode Industry.

Figure 1 shows a cross section of a coke drum and illustrates
how the coke is formed in the delayed coking operation. The drum is a
large insulated vessel about 20 feet in diameter and 70 feet high. The
coke is formed at the rate of about 2 feet per hour and proceedes to
build up during a.24 hour cycle. The material at the bottom is fully
polymerized and develops a porous structure through which gases and
liquids can pass. The top layer in the coke drum is not fully poly-
merized until it is subjected to heat for a prolonged period of time.
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At the very top, some foam occurs. This foam subsides during the
steaming and cooling cycle. It is important in filling the coke
drum to avoid any carry over of foam or pitchy material into the
vapor lines. Foam depressants are used to minimize the amount of
foam (l1). Level indicators are used to establish the position of
the liquid or foam in the drum (2). These are operated by trans-
mitting a beam from a radiocactive source to an instrument mounted
near the top of the drum. When the liquid reaches a predetermined
level the feed to the drum is switched to an empty drum. At this
time the full drum is steamed to remove light hydrocarbons and
finally cooled by introducing water at the bottom of the drum.

Factors affecting Sizing of Coke

The coke is removed from the drum by means of high pressure
water jets which operate on the principle used in hydraulic mining
of coal (3). The procedure used in cutting the coke from the drum
is extremely important. If it is not carried out properly the
physical structure of the coke will be destroyed and the ultimate
consumer would not have enough coarse particles to balance out their
carbon aggregate formulation. The recommended procedure for cutting
the coke is illustrated in Figure 2. This series of diagrams shows
the steps which should be taken in order to get the maximum amount
of lump coke needed for further processing,

The first step is to bore a pilot hole. During this operation
the fine cuttings are held in the upper section of the drum until the
hole is completely through the bottom. At this time, all of the
center cuttings fall out of the drum together with the water used in
cutting.

The drill stem is raised to the top and the bit is changed to
a cutting head which has nozzles directed in a horizontal manner.
The pilot hole is enlarged so that lumps of dislodged coke can fall
freely through the opening. This avoids the danger of a coke build
up around the drill stem which would prevent the rotation of the
cutting head.

Oonce the pilot hole is enlarged the stem is raised to the
level of the coke in the drum. The operator can tell by the sound
of the water hitting the metal walls when the top is reached. At
this time the stem is lowered 3 - 4 feet below the top. It is held
in this position for several minutes until the coke is undercut.

Then the stem is raised and lowered rapidly within this section until
the coke is all cut from this layer. This action causes the coke to
collapse from the drum walls resulting in large pieces which fall
through the pilot hole. This operation is repeated until the drum

is completely empty. 1In general, the decoking operation requires
about 3 to 4 hours depending on the hardness of the coke. The harder

{
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the coke the more time required.

Lump coke in the size range of baseballs to footballs can
be handled easily in conventional conveying systems. At the cal-
cining plant all coke is run through a roll crusher set at an
opening of 4 inches before it is fed to the kiln., The tumbling
action in the kiln results in further degradation  so that the final
product all passes a 1 inch screen with approximately 35 to 40% re-
tained on a % inch screen.

Procedures to avoid Contamination

There are several systems used in handling coke after it is
discharged from the drum. These are as follows: ’

A. The coker is mounted over a railroad track so that coke
can be discharged directly into open hopper cars or gon-
dola cars.

B. A roll crusher is placed below the drum on small tracks.
This breaks up the large lumps to a size which will permit
a coke slurry to be transported by pumping through a pipe
line.

C. The coke is directed to a ramp which leads to a pit. The
pit may or may not contain water for further cooling of
the coke. :

In each of the above systems it is necessary to provide for
the recovery of water used in cutting. The areas around the coking
unit should be paved. Curbs and retaining walls should be provided
to contain any coke spillage. The drainage around the coker must be
carefully planned to avoid sand, clay and gravel from entering the
system, Drainage from rainstorms should be directed away from the
coking unit,

Transporting and Conveying Coke

The freight cars used to transport the coke should be clean.
Any sand, gravel or iron rust will contaminate the coke. The cars
should be carefully inspected before loading.

when coke is unloaded at the calcining plant, it is either
conveyed directly to a storage silo or to an outdoor storage. When
outdoor storage is necéssary, it is preferable to provide paved
areas to minimize contamination., The-activities in the surrounding
‘area can also affect the purity of the coke. For example, unloading
of iron ore in the vicinity will contaminate the coke pile under




certain wind conditions.

Magnetic separators are used at the calcining plants.
These will remove scrap iron from green coke, but will not remove
iron rust, since the latter is non-magnetic. During calcining any
iron oxide (rust) will be reduced to iron which can be removed from
the calcined petroleum coke with magnets.

Chemical Composition of Petroleum Coke

Green petroleum coke from the delayed coking process is
essentially a hydrocarbon. The chemical composition as obtained
by an ultimate analysis is given in Table I. Before it can be used
as a carbon aggregate it is neressary to convert the green coke into '
elemental carbon by a petrochemical process. This is carried out
by a pyrolytic treatment at temperatures around 2300°F. In this
operation the carbon is not developed until hydrogen is chemically
removed by thermal decomposition. In the trade this process is re-
ferred to as calcination, but it is essentially a dehydrogenation
reaction which converts a hydrocarbon into elemental carbon as in-
dicated in Table I.

A number of changes in basic properties and structure are
brought about by the removal of chemically bound hydrogen from the
hydrocarbons in order to produce elemental carbon. Some of these
are as follows:

A. The real density of green petroleum coke is 1.30. After
calcining the real density is 2.07.

B. Green petroleum coke is an electrical insulator whereas
elemental carbon (calcined petroleum coke) is an electrical
conductor. For example:

Electrical Resistivity of Green Petroleum coke is 9 x
10% ohm-inches.

Electrical Resistivity of Ca1c1ned Petroleum coke is
.035 ohm-inches.

C. There are corresponding changes in the X -ray diffraction
pattern

While there are profound changes occurring during the chemical
conversion of green petroleum coke to elemental carbon, the mineral
matter as indicated by the ash content remains essentially unchanged.
The composition of the ash is important as this will affect the type
of aluminum metal which can be produced.
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The metallic components which are present in the crude oil
will be carried over into the coke. Materials such as vanadium
and nickel occur in crude oils in varying amounts dependlng on the
area of origin. There is actually very little if any iron or
silicon in crude oil. 1Iron which is found in petroleum coke comes
primarily from corrosion of the pipes and vessels used to process
the crude oil. Additional iron finds its way into the coke in the
form of rust from rail cars and conveying equipment. Silicon can
come from the catalyst used in refining also from sand or gravel
contamination.

Iron and Silicon in Calcined Petroleum Coke

The iron in calcined petroleum coke will normally range
between .01 and .06%. The silicon content will range between .0l
and .05. Table II shows the car analysis of iron and silicon in
calcined petroleum coke all loaded from the same storage silo.

The samples were taken from a conveyor belt with an automatic
sampler. -In this group of cars, we find some individual cars with
iron as low as .019% and silicon as low as .010%. This information
is useful to the carbon plant superintendent of a prebaked plant.

If he is required to supply anodes which are low in iron or silicon,
he can select the cars from a given shipment and segregate the low
ash material in a separate area of his storage shed.

Since the iron in calcined coke is magnetic, further re-
moval can be accomplished at the  consumers' plant by using magnetic
separators. This will be most effective if applied after the
grinding operation sirice iron pick up does take place in equipment
such as the ball mill.

Several aluminum plants are now asking for a special grade
of carbon with very low silicon. This is a difficult requirement
to control at an ordinary calcining plant. However, a substantial
improvement can be accomplished by screening the coke and using the .
coarse- fraction for the low silicon application. An example of the
degree of improvement which can be achieved by this method is shown
in Table III. The silicon bearing material is concentrated in the
fines (minus %"). The plus %" fraction contains only 40% of the
total silicon or .008%.
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SUMMARY

In summarizing the information just presented, we find
that a reasonable amount of care should be exercised at each step
of handling petroleum coke. It is recongnized that some of the
physical properties (sizing) of a calcined coke can be destroyed
if the cutting operation is not carried out properly. ‘Also sources
of contamination should be avoided in order to keep the iron and
silicon content within required limits. Where a carbon aggregate
with low silicon or low iron is required a selection can be made
from a given shipment if the material is delivered in rail cars.
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TABLE |

TYPICAL ULTIMATE ANALYSIS OF
GREEN PETROLEUM COKE AND CALCINED PETROLEUM COKE

Green Calcined
Petroleum Coke Petroleum Coke
(Polymerized Residual) {Pure Carbon)

CARBON 91.80 98.40
HYDROGEN 3.82 0.14
OXYGEN 1.30 0.02
NITROGEN 0.95 ) 0.22
SULFUR 1.29 1.20
ASH 0.35 0.35
CARBON-HYDROGEN RATIO 24 910
TABLE !l

ANALYSIS OF CALCINED COKE SHIPMENTS
CARS LOADED FROM PRODUCT SILO

. ORDER OF LOADING ASH IRON  SILICON
CAR NO. , % % %
1 24 .019 010
2 21 .021 012
3 .40 .065 028
4 ) 073 022
5 .34 .043 025
6 24 .030 010
7 23 .020 015
8 .33 035 .025
9 A 065 015
10 .26 . .041 021
TABLE 11l

EFFECT OF SCREENING
ON SILICON CONTENT OF
CALCINED PETROLEUM COKE

SIZE % SILICON
Run of Kiin .021
Plus % Inch Fraction .008

Minus % Inch Fraction 022
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COKING OF COAL SOLUTIONS IN A R
- LABORATORY COKE OVEN

V. L. Bullough, L. O Dalcy andW R. johnson

Rcynolds Mctals Company
Reduction Rescarch Division
P. O. Box 191
Shefficld, Alabara

INTRODUCTION

The manufacture of aluminum by the Hall-Heroult process requires nearly
one-half pound of high- gradc carbon for each pound of aluminum produced.  This
carbon must contain a minimum of metallic impurities to prevent contamination
of the aluminum produced in the process.  [For this reason raw materials used
‘n the anode manufacture for the aluminum industry have stringent purity speci-

‘cations.  Pctroleum coke represents a large volume source of relatively pure
.arbon and is used extensively throughout the aluminum industry as the material
~f choice for anode manufacture.

Most of the petroleum coke that is used in electrode manufacture is pro-
.iuced in delayed cokers where the product is subsequently calcined in rotary
kilns to temperatures of 1200°C — 1430°Ct.  After heat treatment to this
temperaturc the coke has obtained dimensional stability and electrical conductivity
suitable for its usc as an electrode matcrial.  Coke produced by this process
usually has a particle size adequate for its use in the manufacture of large mono-
iithic electrodes. A limited amount of petrolcum coke produced in fluid bed
zokers is used in the manufacture of anodes for the aluminum process. Fluid
coke is sometimes used as a supplement to delayed petroleum coke to produce
=lectrodes.  The absence of large size particles in fluid coke generally limit
its use in large electrodes. A limited amount of coke is produced for electrode
-3¢ by the delayed coking of Gilsonite?.  Recently, the Nittetsu Chemical
«Custry of Japan completed the installation of a delayed coker for the coking of
‘0al tar pitch for electrode use®>4. Some coal tar pitch coke is manufactured

Zurope to supplement the supply of petroleum coke.  This coke is generally .
w.2duced in coke ovensS.

Coke derived from coal had not been used as a gencral source of anode
~rbon irn alumina reduction cells because of its high ash content.  Investigators
+ e studied methods of removing mineral matter from coal,®-# and coke from
pustiied coal has been used on a commercial scale in at least two cases!?-14,
Ihese were war-time uses that were discontinued when adequate supplies of high-
pwrade petrolcum coke were available.

Because of possible future shortages of electrode grade petroleum coke,
we ave studied the coking of purified solutions of coal in creosote oil as a
wvss for producing an alternate source of electrode grade coke. A pilot
jiint was constructed at Reduction Research Laboratory where high-volatile
Lituminous coal was mixed with heavy residue creosote oil and digested under
dressurce to give a solution of coal.  The solution was treated with a combination
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of disc and solid bowl c<.ntr1fum.s to yicld a solution of coal that had been freed
from its mincral matter and fusain. ~ Most of the solvent oil was rcmoved from
the coal by distillation in a continuous still and the pitch-like residuc remaining
from the distillation was charged as a liquid to a coke oven where the remaining
solvent and volatile matter were removed to produce a calcined clectrode grade
coketS.  The principal process steps are shown diagrammatically in Figure 1.
This paper will be concerned primarily with our experience in opcrﬂtmg a
laboratory coke oven to producc calcined coke.

While much exccllent work has been published on the solubility of coal in
different solvents!s-23) little has been published about coking of such solutions to
yield coke.  We were awarc that most of the petroleum coke was produced in
delayed cokers and that Gilsonitc was being coked in delayed cokers to produce a
high-grade clectrode coke, but we were uncertain that a product as aromatic as
dissolved coal could be satisfactorily handled in a delayed coker.  The Koppers

‘Company in the United States had coked coal tar pitch in coke ovens; coke ovens

are being uscd to coke coal tar pitch in Russia?? and Germany; and we were aware
that the coal solution produced in the Pott-Broche process in Germany during
World War 1l had been coked in slot ovenst3.

The product of a delayed coker is not satisfactory for use in an alumina
reduction cell without further heat treatment to remove the residual volatile
matter, obtain proper electrical conductivity, and insure dimcnsional stability
of the coke particles at high temperature.  Generally, the coke from the delayed
coker is heat treated or calcined to a temperaturc of about 1300° C before use in
alumina reduction cell anodes.  Thus, the use of a delayed coker would also
require the use of a calciner. We elected to combine the two steps in our pilot
plant and construct the only coker that we knew of capable of operatlng at temper -
atures of 1300°C - the coke oven. "

PROCESS DESCRIPTION

The Bureau of Mines had reported?®s on a coke oven heated with silicon
carbide glow bars of the approximate size that we needed. = We used the general
idea of this coke oven as our model, with the exception that the coke oven we
constructed was.gas fired and the sole of the oven was heated by the passage of
hot gas from the flue to the exhaust stack. The oven was fired symmetrically
with burners at four corners of the flues, and the flues were baffled to provide
uniform heat distribution for the entire surface of the refractory. - The coking
slot was 17 inches wide by 48 inches long by 48 inches high and was tapered one-
quarter inch from the pusher end to the coke cnd over the length of the slot.

The slot walls were silica refractory of the type used in commercial coke ovens
while the sole was super-duty fire-clay refractoiy. The roof and doors were
cast with super-duty castable refractory. Tongue and groove construction was
used to maintain better scals in the refractory joints. The oven was fired with
four 158,000 Btu per hour capacity gas burners. The system was protected
against hlgh and low gas pressure and blower failure.  Because the refractories
were incandescent during operation, flame failure protection was regarded as
superfluous. Figures 2 and 3 are diagrammatic sections through the coke oven.
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Cokcs from the solution of two diffcrent coals were studied in the coke
oven.  Both of these coals were high volatile bituminous coals.  One was the
Black Creek Scam in Northern Alabama and the other, the No. 9 Scam in Western
Kentucky.  Typical analysis of these coals are shown in Table 1. Prior to
each charging, the door faces werc cleancd, seated on a strand of asbestos
rope and scaled with a refractory cement.

Steam was introduced into the oven slot to reduce the surface temperature
of the refractorics before charging the dissolved coal to the oven. This was
done to minimize the amount of carbon-black formed by cracking of the coal
solution on the incandescent refractory surfaces.  After passing through the
continuous still where part of the solvent was removed by distillation, the dis-
solved coal solution was fed into the top of the coking slot and the volatile matter
and gases that were flash evaporated werce passed through a condenser. The
condensced vapor was collected in a solvent recovery tank where it was recom-
bined with the solvent fractions removed by the continuous still.

The hot coal solution was charged at a rate of about 2 — 3 gallons per
minute into the slot of the coke oven.  While this material left the still at about
320°C, it had cooled to about 200°C in the piping by the time it had reached the
coke oven.  During the first few minutcs of the charge the condenser was

“flushed with a spray of water to wash away thc copious quantities of carbon-black
that were gencrated.  When the first condensation of oil was observed, the
water spray was discontinued in the condenser, and the condensing oil was turned
into the solvent recovery tank. At this ‘point the flow rate was reduced to about
1 gallon per minutc. At a predetermined volume, usually 300 gallons, the feed
ratc to the coke oven was decreased to about 0. 5 gallon per minute for the
remainder of the usual 400 gallon charge. At that point the coke oven was
removed from the feed circuit and the lines and still were flushed with recovered
oil. The oven was observed for about one hour after the completion of the '
charge for excessive frothing.

Malfunctions in the operation, such as oven door leakage or excess oven
pressure, were corrected as they occurred.  If care was taken to clean the
condenser and prevent excess pressure from developing in the oven, the carbon-
black formed at the beginning of the charge soon sealed the doors and cracks in
the flues, and the operation settled down to a relatively smoke-free condition.

Figure 4 illustrates typical temperature cycles during the operation of the coke
oven.

After completion of the charge, the coke was held in the oven for an
additional 8 — 10 hours to permit the coke to obtain a uniform temperature of
1250°C — 1300°C. This temperaturc was mcasurcd with an optical pyrometer
on the coke surface through an observation port in the top of the furnace.. Before
any work was donec on the oven, a valve was closed between the condenser and the-
receiver tank. This was done to prevent hot gases and sparks from the oven
irom igniting any accumulated combustible gases in the tank.

At the completion of the coking cycle, the doors were lifted and the coke
was pushed from the oven with a mechanical ram.  During pushing the coke was
aucnched slightly with water and permitted to evaporate to dryness.  As removed
Trom the oven the coke was in large strong, angular lumps with some anisotropic




s

133
structurc.  Properties of the cokes compared with that of a typical petroleum
cokc arc shown in Table II.  Usc of the coke in anodes of commercial reduction
cells showed the coke o be satisfactory in cvery respect?.

DISCUSSION

As the gases from the coke oven were vented to the atmospherce and the
liquid product rcecombined with the solvent oil removed by distillation, it was not
practical to obtain u matcrial balance on the coking opcration.  However, work
done by the Burcau of Mines from the coking of the Black Creck coal in rctorts
at 1000°%7 provides some insight into the product distribution that could be
expected from this coal on carbonization.  This information is shown in Table
II along with the coke yicld from a scrics of coke oven runs involving some 20
tons of coal from the Black Creck Scam.  About 44 percent of the original coal
is converted to calcined coke that would be usable in aluminum cell anodes.

The coke obtained from coking the purified coal solution, when combined with the
coke obtained from coking the centrifuge sludge, agrees within about 2 percent of
the amount of coke predicted by the Bureau of Mincs for this particular coal. -
This would indicate that the molccular size distribution of the coal has not been

greatly altered by solution.

Normally, when we opcn the coke oven doors, we found that the coke
charge had shrunk and pulled away from the coke oven walls.  The charge could
be pushed from the oven with very little cffort.  In some cases when it was
necessary to interrupt the charge to the coke oven for any prolonged length of
time (two hours) we found that the coke charge was stuck tightly to the oven wall
and we were unable to remove the coke with the pusher. In these cases it was
necessary to break the cokc from the oven with steel bars.  We adopted the
practice of charging the solution to the oven continuously and if we were forced to -
interrupt our charge sequence for more than an hour we terminated the charge at

that point and coked a partially filled oven.

Our experience has shown that we can produce a satisfactory electrode
coke from high-volatile bituminous coal through a solution process followed by
coking in a slot-type coke oven.
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FIGURE I. DIAGRAM OF A COKE-FROM-COAL PROCESS
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. TABLE L

ANALYSES OF COALS USED IN INVESTICATION
OF ELECTRODL COKE FROM COAL

Kentucky No. 9
Black Creeck Coal Seam : Coal Seam
. Dry, _ Dry,
. As Received Ash-Frce As Received ~  Ash-Free
Moisture 2.1 ---- C mees -—-a
V. M. 35.4 37.4 40.5 45.0
Ash 2.8 - .9 ===
"H, 5.4 5.4 5.1 5.6
C 79.8 84.4 72.5 80.5
N, 1.7 1.8 .5 1.7
9.5 7.6 .9 8.8
S .8 .8 .1 3.4
Anthraxylon 45 ‘ 65
Trans. Actritus 38 27
Opaque At.éitus 1 5
Fusain ‘ 10 , : 3
.B. t. u. 14,310 15,150 . ~ 13.060 14,500

Sour.ce: Bﬁreau of Mines. Bull. 550.
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TABLE il

PRODUCT YIELD FROM COKING OF

BLACK CREEK COAL

E:stim_atcd1 Found
COKE 66.6% 44.2%
CENTRIFUGE RESIDUE COKE —--- 24. 4%
GAS 17. 6%
TAR LIQUOR - 6.7%
AMMONIA 0.2% ——--
TAR 6.0%
LIGHT OIL 1',3%

'Fieldner, A. C., et. al., Bureau of Mines Technical Paper 531, 1932,
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PEABODY CONTINUOUS COKING PROCESS
VAUGHN MANSFIELD - VICE PRESIDENT - RESEARCH

PEABODY COAL COMPANY - ST. LOUIS, MISSOURI

ABSTRACT

The paper presents a description of the Peabody Con tinuous Coking
Process which proauceé coke from coal in'a continuous operation. Carbonization
is initiated on a moving bed grate carbonizer. A controlled flow of preheated
air at 450°F is percolated through the moving bed. Retention time in 'this pre-
treatment furnace is normally about 18 minutes. The pr>oduc.t from the rﬁoving :
bed containing 7-10% volatile matter is discharged to a shaft furnace where de-
volatilization is completed. T};e hot coke product frorﬁ the shafi: furnace is cooled
with inert gas which is generated in the process. By-product gas from the moving
bed carbonizer and shaft furnace are combined and used as ehergy for stearx;
generation or for other purposes. Utilization of the by-prodgét energy is es se_:n.tial

to the economics of the process.

INTRODUC TION

The original development work on carbonization of coal on a moving
bed furnace was done by Mr. A. H. Andersen of Shawinigan Chemicals, Ltd. at
Shawinigan Falls, Quebec in the late 1930's. During the pre-war period, Shawinigan
put into operation 2 number of moving bed carbonizers to prodﬁce coke for use m
carbide furnaces.

Study of this original work and test reports on a similar installation

in South Africa in the middle 1950's indicated certain limitations as to the size of




coal that could be carbonized on a moving bed carbonizer without excessive burn-

ing of fixed carbon at the expense of coke yield.

In 1957 Peabody Coal initiated the research and development that -
resulted in combining a moving bed carbonizer with a shaft furnace. Early test
work indicated that to make a totally enclosed continuous system, inert gas

cooling or quenching of the product was required to prevent air pollution.

1. Andersen, A. H. and N. R. Fasken
Carbonization. U. S. Pat. 2,380,930
August 7, 1945 |
Andersen, A. H. and J. E. Renaud
Coke Productiox}. U. S. Pat. 2,209,255
July 23, 1940
2. LaGrange, C. C. Journal of the South African Inst. of Mining
& Metallurgy |

October, 1956 v 57 No. 3 pp 99-114
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DESCRIPTION OF PROCESS

Figure I shows a flow sheet of the continuous ;:oking process. Coal
is fed uniformly by a layer loader onto a moving bed grate carbonizer where the
coal is subjected to'a furnace environment of 1800°F to 2000°F. Ignition of the
coal is automatic as it enters the furnace on thé top layer of the coal bed. Car-
bonization through the plastic state proceeds downward as a controlled amount of
preheated air (4500F) is percolated upward through the moving bed. Retention
time in this pretreatment furnace is normall& 18 minutes and timed to prevené

over-carbonization of the top layer of coal.

To prevent excessive carbonization of the top layers, the timing and

the amount of preheated air is controlled so that 7% to 10% volatile still remains

in the product as it is diacharged into the shaft furnace. Devolatilization is com-
pleted in the shaft furnace without air by retention of the product in the shaft

furnace for one hour.

At the bottom end of the shaft furna_ée the hot col-<e product (1600°£‘
to 1800°F) is discharged by gravity in.to an inert gas cooling unit where the coke
product is cooled to a temperature of 250°F. The inert gas is self-generated
in the combined shaft furnace and cooling system. This system is totally en-

closed and prevents air pollution from dust particles or gases.

The by-product gas generated in the moving bed carbonizer aﬁd the
shaft furnace are combineci as an energy supply for steam generation or for
other heat-using pro;:esses. The use of the by-product gas (approximately
equivalent to CO gas) is essential to the economics of the process, particularly

with high volatile coals.
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TYPICAL ANALYSIS OF PRODUCT

FOR

ELECTRIC FURNACES

Coal Input

Chemical Analysis

% Fixed Carbon . 54.59
% Ash 4,33
% Volatile 37.71
% Moisture 3.37
% B.T.U. 13,965
% Sulfur ) 1.03
Size Screen Analﬁié
Percent
1X1-1/2 : 6.9
5/8 X1 21.5
1/2X5/8 14.2
1/4 X1/2 32.0
-1/4 25.4

Coke Qutput

Chemical Analysis

89.52
8. 76
1.72
.00

13,035
-90

Screen Analysis

Percent

[C N |
ﬁww!:?)
N Yo
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ENERGY BALANCE OF PEABODY PROCESS

Energy in Coal

Energy Reporting into Coke-

Energy Reporting into Steam

Total Energy Recovéred in Products

Energy Conversion Efficiency’

Input '

M-B.T.U.

27.92

Output

M-B.T.U.

15,50
10. 44

25. 94

92. 9%



149

ECONOMICS OF THE PEABODY COKING PROCESS

Figure 2 was prepared from extensive tests and operating data ob-
tained at the Columbia, Tennessee plant, which has been in continuous production
for the past eight years. Capital cost data was based upon a 500-ton per day

coke plant and the return on investment was calculated at 16% before taxes.

FLEXIBILITY OF THE PROCESS

1. The process variables of temperature, spe-ed of carbonization, air
t§ coal ratio, retention time, can be controlled over such a wide range of environ-
ment that practi.c#lly all clas se; of coal can be carboniied.

2. The process can producg a bone dry coke product with a den_sit-y
range from 9 pounds per cubic foot to 32 pounds per cubic foot.

3. A blend of coals is not required to produce a suitable coke.

4. The continuous coking system ia totally enclose;i and can operate -

without dust or without objectionable air pollution.
1
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